Under standard conditions reaction yields are connected with terms like free energy differences and thermal distributions. However, many modern experimental techniques, such as supersonic beam expansion or matrix isolation, deal with cryogenic temperatures and isolated reactants in inert clusters or solid matrices. Under these conditions the photochemical reaction mechanism is in many cases strongly dependent on the shape of delocalized initial vibrational or rotational wave functions of the reactants which can be employed for an efficient reaction yield control. Here, we apply, using quantum molecular dynamics simulations, such a scheme to the rotational control of photolysis of the HCl molecule embedded in an icosahedral Ar 12 cluster. First, the HCl molecule is preexcited into a specific low lying rotational level. Depending on the rotational state, the hydrogen probability is enhanced in different directions within the cluster. In a second step, the HCl molecule is photolyzed by an UV pulse. The rapidly dissociating hydrogen atom then reaches primarily either the holes in the solvent shell or the argon atoms, depending on the rotational preexcitation. Starting either from the ground or from the first totally symmetric excited rotational states, the direct dissociation and the delayed process accompanied by a temporary trapping of the hydrogen atom have very different relative yields. As a consequence, differences up to a factor of 5 in the temporary population of the hydrogen atom inside the cluster after the first hydrogen-cage collision are observed. In the energy domain a significant difference in the structure of the kinetic energy distribution spectra, connected with the existence of short-lived vibrational resonances of the hydrogen atom, is predicted.
I. INTRODUCTION
Hydrogen halide molecules solvated in rare gas clusters and matrices serve as prototype systems for the study of solvation of diatomics in an inert environment. Among the most intensively investigated systems are the hydrogen chloride and hydrogen fluoride molecules in argon clusters and in solid argon. High resolution far-IR and microwave spectroscopic measurements have been performed for the smallest clusters in this family providing detailed and accurate information about their rovibrational structure and interactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A lot of emphasis has been directed toward elucidating the process of sequential solvation. Namely, structures of HX͑Ar͒ n ͑XϭF, Cl, or Br, nϭ1,..., 12) clusters have been investigated and HX vibrational line shifts have been measured and calculated starting from a single solvent atom up to the matrix environment. 6, [12] [13] [14] [15] [16] [17] [18] It has been shown that HX͑Ar͒ n clusters can exist in several isomers and a competition between bulk and surface solvation of the hydrogen halide has been observed in larger clusters. 6 In addition, data from high resolution far-IR and microwave measurements have been used for a construction of very accurate ground electronic state interaction potentials for these systems. 7, 8, 19 While there is ample information concerning the HX͑Ar͒ n systems in their ground electronic state, several studies also have investigated the dynamical processes connected with the UV excitation of the HX chromophore into the first dissociation continuum. The typical questions addressed in this context concern the role of the inert cluster or matrix in caging, i.e., in hindering mainly the motion of the photodissociating highly energetic hydrogen atom, and in fragmentation and rovibronic relaxation processes. [20] [21] [22] [23] [24] [25] [26] [27] [28] 27, [29] [30] [31] [32] [33] One of the most exciting features of hydrogen halide molecules in their ground electronic state solvated in a cryogenic rare gas environment is the large amplitude motion of the hydrogen atom perpendicular to the HX molecular axis. The cold and light hydrogen atom in a shallow intermolecular potential behaves as a strongly delocalized quantum particle. Depending on the concrete system, particularly on the number of solvent atoms and the solvation site, hydrogen motions ranging from a large amplitude bending ͑e.g., for the collinear Ar... HX cluster͒ to an almost free rotation ͑e.g., for the HX molecule inside large argon clusters or matrices͒ have been observed 24, 30, 34, 35 . Not only is the hydrogen motion strongly delocalized but there are also large differences in the spatial hydrogen density between the ground and lowlying excited ͑hindered͒ rotational states. 8, 33, 36 In this paper we provide for the HCl molecule immersed in an icosahedral first solvation shell of 12 argon atoms a unified and consistent quantum mechanical picture of both the electronic ground state rotational and vibrational structure and of the photodissociation dynamics on the first excited electronic surface. The principal goal of this study is to show that the process of hydrogen halide photodissociation in a rare gas environment can be efficiently influenced and controlled by a preexcitation of the system to a given ͑hin-dered͒ rotational state using, e.g., multiphoton or Raman excitation. In particular, it is shown for the system under investigation that specific totally symmetric excited rotational states have large hydrogen probability toward the holes in the argon cage which enhances the direct dissociation process, while other excited rotational states prefer the hydrogen atom to point toward the argons, which is favorable for a temporary trapping of the dissociating hydrogen. The idea presented in this paper is loosely connected to the vibrational control scheme pursued by several groups in the last two decades. [37] [38] [39] [40] [41] [42] Unlike the other investigators who typically preexcite stiff stretching vibrational modes, the method proposed here consists in controlling the photodissociation process by preexciting an almost free rotational mode.
The possibility to control photochemical processes by rotational preexcitation is not limited to the particular system investigated in this paper. The key ingredients for an efficient control are large amplitude rotational or hindered rotational motions and low temperatures, ensuring good state specificity and large spatial differences between the individual rotational wave functions. The latter condition means performing experiments, e.g., using supersonic jet expansion or in cryogenic matrices. The former condition is fulfilled by practically all weakly bound complexes involving hydrogencontaining molecules. In our previous studies, we have shown that an efficient control does not require an almost free rotation. 36, 43 For enhancing the yield of a photochemical process by a factor of 2-30 ͑depending on a particular system͒ by far-IR preexcitation it suffices that a large amplitude bending ͑librational͒ motion is present as in the case of the Cl... HCl complex 43 or surface solvated HCl on a large Ar 12 Cl cluster. 36 The Cl... HCl cluster is an example of hydrogen-bonded complexes, an indication that this very important class of systems can be subjected to rotational/ librational control. Finally, we note that the proposed scheme is not limited to diatomic host molecules and, e.g., water and its isotopes are currently being investigated in our group.
The paper is organized as follows. The system under investigation and the underlying potential energy surfaces are introduced in Sec. II. In Sec. III we describe the methods used for the construction of the initial quantum states of the system and for the photodissociation wave packet dynamics together with computational details. Results and discussion are presented in Sec. IV and Sec. V contains the concluding remarks.
II. SYSTEM AND POTENTIALS

A. Geometry and symmetry
As is known from theory 44 and from electron diffraction experiments, 45 argon clusters of up to a few thousands of atoms acquire icosahedral geometry. The system studied here is the HCl molecule surrounded by a ''magic'' number of 12 argon atoms forming an icosahedral first solvation layer. The HCl molecule is slightly too large to fit into the central position of the cluster. This is a well-known feature studied thoroughly via vibrational shifts in the HCl vibrational spectrum in argon clusters of different sizes. 18 However, the potential barriers of the hindered rotation are small enough to allow for an almost free rotation of the hydrogen atom in the cage even in the lowest rotational states ͑see Sec. IV for more details͒.
It has recently been pointed out that in addition to the fully solvated HCl there exists a surface isomer of HClAr 12 which is even slightly more stable. 6 The relative abundance of these isomers depends on the particular experimental conditions of the mixed cluster formation, e.g., by supersonic jet expansion.
B. Potentials
The ground electronic state potential is approximated by an accurate three-body ͑atom-diatom͒ potential for the HCl interaction with an argon atom 46 and by pair potentials for the remaining interactions. The pair interaction between hydrogen and chlorine is approximated by a Morse potential. 47 The argon-argon pair interaction is modeled by the HFD-B potential. 48 We assume the HCl molecule to be excited by a short laser pulse promoting it from the 1 ⌺ to the 1 ⌸ state where it dissociates. 49 For the electronically excited state of the whole system, we construct a potential energy surface using a diatomics-in-molecule Hamiltonian 28 in which the anisotropy of the argon-chlorine potential caused by the unpaired electron of the chlorine atom is taken explicitly into account. 50 The remaining interactions are approximated by pair potentials. The hydrogen-chlorine pair potentials for both the 1 ⌺ and the 1 ⌸ states are taken from ab initio calculations 51 and are interpolated by cubic splines. The argon-argon pair interaction is the same as that used for the description of the ground state.
The processes of caging and cage exit are very sensitive to the character of the argon-hydrogen potential in the repulsive region. Existing Ar-H potentials were constructed with emphasis on the region of the van der Waals minimum. [52] [53] [54] [55] In our simulations of the photodissociation dynamics the kinetic energy of the hydrogen atom hitting the cage is up to 4 eV, which shifts our interest to the strongly repulsive part of the potential energy curve. This region from about 1.5 to 3 Å has not been described accurately yet. Therefore, we have performed high level ab initio calculations to map the whole potential with a sufficient degree of accuracy. The coupled-cluster single double triple CCSDT method with Dunning augmented quadruple-zeta basis set ͑aug-cc-pVQZ͒ has been employed. [56] [57] [58] [59] We have found that the coupled cluster method with such an extended basis set provides practically basis set superposition error free and converged results for the system under study. Finally, we note that the CCSDT and also lower level second-order Moller-Plesset ͑MP2͒ energy evaluations are based on an unrestricted open-shell Hartree-Fock wave function. There is always a potential danger when using unrestricted wave functions that higher spin states may mix and spoil the quality of the results. However, this is not the case for the Ar-H system where the expectation values of S 2 for the unrestricted wave function lie in the interval ͑0.750-0.754͒ for the whole investigated range of interatomic separations and the wave function is, therefore, practically of a pure doublet character.
The resulting Ar-H potential is presented in Fig. 1 . Figure 1 shows a comparison of the CCSDT/aug-cc-pVQZ results with lower level MP2/aug-cc-pVTZ calculations and with a curve obtained by fitting to measured differential 53 and integral 60 cross sections. While the two ab initio curves agree very well in the strongly repulsive region, the MP2 method underestimates the van der Waals well depths. The CCSDT calculations ͑without any adjustment or shifting of the potential͒ practically coincide with the experiment in the van der Waals region while being less repulsive at very short internuclear separations. However, this difference is within the uncertainty of the fit to the experimental data. 52 Since our calculations are well converged especially in the repulsive region both in method and basis set we consider the potential presented here to be very reliable and most suitable for the description of the process under study.
We have evaluated 35 CCSDT/aug-cc-pVQZ energy points in the range of Ar-H distances from 1.2 to 10 Å and for the dissociation limit. In the dynamical calculations we use an exponential expression ͑in atomic units͒
which perfectly fits the ab initio points in the repulsive part of the potential. Since the photodissociating hydrogen atoms have several electron volts of excess energy this is the only part which is relevant for our dynamical study. More precisely, as is shown later, even the slowest fraction of the hydrogens temporarily trapped in the cluster leave the cage with more than 2 eV of kinetic energy, which is 2.5 orders of magnitude larger than the Ar-H binding energy. The temporary trapping is, therefore, due to multiple repulsive collisions and not to the extremely weak Ar-H attraction which can be safely neglected. Note also that at short internuclear separations the present potential curve is less repulsive than the ͑semi͒empirical H-Ar potentials [52] [53] [54] 60 used in previous studies of HClAr n photodissociation.
For sake of feasibility of quantum dynamical calculations of the large HCl@Ar 12 system we constrain ourselves to an approximation which neglects the effect of the spinorbit coupling connected with the open-shell Cl atom. We do not consider the possibility of nonadiabatic transitions between the electronic states involved. While spin-orbit coupling and nonadiabatic effects are found to be important for longer time dynamics of the HCl molecule in very large argon clusters and matrices, their influence is minor for the ultrafast HCl photodissociation process in the HCl@Ar 12 cluster, especially in comparison with the rotational control effect which is in the focus of the present study. 27, 28 III. METHOD
A. Choice of coordinates
The physics of the process under study directly prompts us to divide the problem into the description of the fast hydrogen motion on the one side and the slow motion of heavy atoms on the other side. Therefore, we choose coordinates for the motion of the hydrogen atom separate from coordinates of the heavy atoms of the cluster. In particular, we employ spherical coordinates for the HCl molecule and normal modes for argon atoms and the center of mass of the HCl diatomic. Since the Cl atom is 35 times heavier than the H atom, it sits almost at the center of mass of the HCl molecule. For this reason, we often refer in this paper to the HCl inner coordinates as to the coordinates of the hydrogen motion. In our nomenclature we, moreover, for sake of simplicity, refer to the motion of the argons plus the motion of the center of mass of the HCl molecule as cage motions.
For the construction of normal modes of the cage we use a quantum description of hydrogen rotations while the remaining coordinates of the nuclei undergo a classical minimization procedure followed by construction and diagonalization of the Hessian matrix. Such a procedure is well justified for the ground electronic state where the rotation of the hydrogen atom is well separated from other coordinates. The quantum description of the two-dimensional hydrogen rotation has already been developed earlier for this system 30, 34 and is briefly summarized in Sec. IV A 1. The two-dimensional hydrogen rotational wave function is used to evaluate the effective potential as a function of the cage coordinates, the H-Cl distance, and the rotational number. The assumed separation of the HCl rotation in the ground electronic state and the cage modes ͑i.e., the neglect of the rotational-translational coupling͒ is further supported by rotational spectra of matrix isolated HCl molecule which show only a very weak perturbance from the free rotor spectrum. 61, 62 
B. Initial wave function
The initial separability of hydrogen rotation and vibration is assumed together with the initial separability between the hydrogen and cage modes. The vibrational ground state of the cage is constructed in the harmonic approximation. The initial wave function ⌿ 0 of the system then reads
where q i are the normal coordinates of the cage, ,, are internal spherical coordinates of the HCl molecule, and i are the angular frequencies of the cage modes. The Morse ground vibrational wave function ⌽ vib of the HCl molecule is divided by , which comes from the use of spherical coordinates. The initial rotational state ⌽ rot of the HCl molecule is taken either as a ground or low-lying totally symmetric (A g ) excited state, which establishes the rotational control, discussed in detail later. The choice of only totally symmetric rotational functions has two reasons. First, it turns out that the rotational control is most efficient for A g states. Second, this restriction, which leads to a much smaller rotational basis, grossly speeds up the numerically very demanding calculations.
C. Dynamics upon photoexcitation: Quantum-classical molecular dynamics
Since a fully quantum-mechanical treatment of the dynamics of a system comprised of 14 atoms is far beyond present computational means, we employ two different levels of approximation which are presented here and in Sec. III D. The first model to describe the photodissociation dynamics of the HCl@Ar 12 system is the quantum-classical molecular dynamics ͑QCMD͒ scheme which was introduced into the field of chemical physics some 20 years ago. 63 Recently, detailed investigations of the approximation properties have also been published. 64, 65 Based on the disparity of masses between the light ͑H͒ and the heavy ͑Cl, Ar͒ atoms involved, the basic idea of the QCMD scheme is to split the complete system into a quantum-mechanical and classical subsystems. For the light particle a three-dimensional wave function (,,) is propagated subject to the Schrödinger equation
where T qm is the kinetic operator in spherical coordinates and V qm is the potential energy operator specified below. For the positions q and momenta p of the heavy particles we solve Hamilton equations of motion for each mode i,
where T cl is the kinetic energy of the mass-scaled normal mode coordinates. The dynamics of the two subsystems are coupled self-consistently through effective ͑time-dependent͒ potentials: The potential V qm for the quantum-mechanical system is obtained from the full potential V(q,,,) by inserting the positions q(t) of the heavy atoms at every instant of time. Conversely, the mean-field potential V cl ϭ͉͗V(q,,,)͉͘ for the classical part is the expectation value of the total potential with respect to the hydrogenic wave function.
D. Dynamics upon photoexcitation: Quantum representation of all modes
An alternative to the QCMD approach is an approximate description of the quantum dynamics of all modes. Methods for multidimensional quantum dynamics based on classical potentials [66] [67] [68] employed here use the quantum wave packet apparatus, however, they substitute quantum evaluations of effective single-mode potentials by a semiclassical averaging over Wigner trajectories. 69, 70 The best established method from this family is the classical separable potential method ͑CSP͒, which uses the mean-field approximation. 66 The CSP scheme, described in detail elsewhere, 66 consists of the following four steps: ͑i͒ mapping the initial wave function onto a set of classical coordinates and momenta, ͑ii͒ propagation of a set of classical trajectories, ͑iii͒ construction of the time-dependent CSP potentials, ͑iv͒ quantum one-dimensional propagations for each mode using the CSP potentials.
Let us elaborate in more detail on these steps. Since the classical trajectories should mimic the quantum evolution as well as possible, their initial conditions should correspond to the initial quantum wave function. This is accomplished by mapping the initial wave function ⌿(q,0) of the whole system onto a weighted set P w (q,p) of initial coordinates and momenta using Wigner distribution. 69, 71 Once the initial coordinates, momenta, and weights are generated, a swarm of classical trajectories is propagated by numerically solving the Newton equations of motion in a standard way. 72 The number of trajectories needed for providing converged effective potentials depends on the particular process under study, size of the system, initial wave function, and duration of the simulation. Typically, 100-1000 trajectories are necessary for systems with tens to hundreds of atoms, which represents a relatively simple computational task.
In the next step, a time-dependent classical separable potential V CSP is evaluated for each mode j:
where V(q 1 ,...,q N ) is the full potential function of the system, ␣ ϭ P w (q ␣ ,p ␣ ) is the Wigner weight of the trajectory ␣ in the initial state distribution, and the summation in Eq. ͑5͒ extends over all MD trajectories. The time-dependent energy normalization factor V (t) is given as
Finally, the time-dependent Schrödinger equation
is numerically solved for each mode j. The large dynamical intermode correlations connected with the motion of the photodissociating hydrogen atom necessitate a more accurate description of the hydrogen wave function going beyond separability. Therefore, as in the previous QCMD simulations, a three-dimensional nonseparable wave function for the HCl inner degrees of freedom is used in order to correctly model the strong couplings between the rotational degrees of freedom , and the dissociative coordinate . Thus, the three-dimensional hydrogenic motion is treated fully quantally in a numerically exact way while the other degrees of freedom are described by single-mode wave functions. Now, let us discuss the separability of the hydrogenic coordinates and the cage modes. In general, mean-field approximations work best for the description of couplings caused by localized nodeless wave functions. 64, 73 This is the case of the cryogenic cage wave functions which are initially the vϭ0 Gaussians. Due to the separation of masses and time scales between the hydrogen and the cage, the cage wave functions do not significantly evolve during the first Ϸ100 fs, which is the time necessary for the hydrogen to exit from the cage. Therefore, the mean-field approximation satisfactorily describes the influence of the cage on the fast hydrogenic motion.
On the other hand, the hydrogenic wave function is delocalized and for excited rotational states has a rich nodal pattern from the very beginning. Even more important, due to the highly energetic photodissociation process further delocalization and ''nodalization'' in the radial coordinate builds up very early. Therefore, the CSP method fails to quantitatively describe the energy transfer from the hydrogen to the cage during the photolysis. This is to a large extent rectified by employing a nonseparable version of the CSP method, which is described in more detail elsewhere. 67, 73 Briefly, a separable wave packet is propagated along each classical trajectory instead of propagating a single wave packet along a potential obtained by averaging over all trajectories. Observable quantities such as kinetic excitations of 67 ͒. For the propagation of both the hydrogen and cage wave functions Wigner trajectories have to be constructed for the evaluation of the effective potentials. The initial coordinates and momenta for the swarm of trajectories are determined from the Wigner distribution. 69, 71, 74 Substituting the initial wave function ͓see Eq. ͑1͔͒ into the formula for the Wigner distribution we obtain the following relation for the initial quasiprobabilities: ...,q 33 ,,,,p 1 ,. ..,p 33 
Here, P is the quasiprobability for a trajectory with given initial conditions, p i is the momentum coordinate of a cage mode i, p is the momentum in the HCl vibrational coordinate, J z and p z are conjugated momenta to the polar angles and , respectively. J z is the projection of the total angular momentum onto the z axis, and p z is the momentum in the z axis multiplied by the radius. P HCl,vib and P HCl,rot are the Wigner quasiprobabilities for the inner degrees of freedom of the HCl molecule.
The exact rotational Wigner distribution P HCl,rot is a four-dimensional function of angular coordinates and the two conjugated momenta. For the ground rotational state the quasiprobability P HCl,rot is a constant in angular coordinates and a Kronecker ␦ function at zero in the conjugated momenta.
In the case of excited rotational states the rotational Wigner distributions acquire extremely complicated patterns in all four dimensions. It becomes computationally hardly feasible to sample the Wigner functions of higher rotational states with strongly oscillatory quasiprobabilities by a sufficient number of classical trajectories. Instead of the exact Wigner rotational distribution P HCl,rot an approximate sampling of the angular wave function is, therefore, used. The initial spatial coordinates sample the shape of the wave function properly. This is crucial for a correct description of the rotational control mechanism since the initial hydrogen position decides whether the photodissociation process for the particular trajectory is direct or not and also determines the extent of caging. The role of the initial angular momenta for low-lying rotational states is much less important, therefore, their magnitudes are chosen simply to satisfy the condition of correct quantum rotational energy. This approximation is well justified by the fact that for the rotational states under study the initial angular kinetic energies of ϳ0.1 eV are much smaller than the kinetic energy of roughly 3 eV gained during the early photodissociation ͑before the collision with the cage͒. Therefore, the collision dynamics is determined by the spatial hydrogen distribution, which is sampled accurately, and by the kinetic energy, which is dominantly the result of the photodissociation process. Finally, the directions of the angular momenta are sampled randomly, which is a good approximation for the highly symmetric icosahedral group.
E. Computational details 1. Quantum representation of the hydrogen atom wave function
The three-dimensional hydrogen wave function is represented in spherical coordinates. It is expanded in the following series:
where Z are the symmetry adapted ͑for the icosahedral group͒ spherical harmonics belonging to the totally symmetric representation A g . Substituting this representation into the time-dependent Schrödinger equation results in a set of coupled equations governing the evolution of the functions . The excess energy of the photodissociating hydrogen is 3.8 eV, therefore the number of grid points for the dissociation coordinate and the number of rotational basis functions for the coupled angular coordinates of the hydrogen have to be sufficiently large. For the dissociation coordinate a grid of 1024 points in the region from 0.25 to 15 Å is used. A cubic optical potential is added in the region from 10 to 15 Å ͑which is far enough from the reactive region͒ in order to absorb the outgoing parts of the hydrogen wave packet. For the angular coordinates a basis set of spherical harmonics adapted to the totally symmetric irreducible representation (A g ) of the icosahedral point group (I h ) consisting of 147 functions with the main rotational number up to Jϭ124 is used. The potential energy function is also expanded in terms of a reduced set of these functions and the resulting integrals over products of three spherical harmonics are evaluated using Clebsch-Gordan coefficients. For evaluation of the potential on the dense grid of the hydrogenic wave function a spline interpolation between accurately calculated points on a more sparse grid is used.
Quantum-classical molecular dynamics
The QCMD equations ͑see Sec. III C͒ are solved using a time-reversible second-order splitting scheme where the quantum-mechanical ͑͒ and classical (q,p) subsystems are propagated simultaneously ( 0 ,q 0 ,p 0 → 1 ,q 1 ,p 1 ) by a time step in the following way:
Note that the propagation of the classical variables q and p is essentially equivalent to the classical Verlet algorithm 72 but it employs mean field forces which are obtained using the Hellman-Feynman theorem as expectation values of the forces ٌ q V with respect to the hydrogenic wave function. 64, 75 The first and the last steps of the above algorithm correspond to a half-step propagation of the quantummechanical wave packet subject to a Hamiltonian that depends on the positions of the classical particles. These propagations are realized by expanding the exponential of the time evolution operator in a series of complex Chebychev polynomials, thus permitting time steps which are typically much longer than periods of quantum-mechanical phase oscillations. 76 Consequently, the size of the time step is limited by the classical subsystem and can be chosen to be as large as 1 fs for the system considered here. Hence, the above integrator presents an alternative to multiple time step integrators. 77, 78 
Quantum representation of all modes
In the spirit of classical potential methods ͑see Sec. III D͒ the three-dimensional effective potential for the hydrogen is evaluated using averaging over 50 Wigner trajectories. The effective potentials are reevaluated each 40 steps and a linear interpolation is used in between. The split propagator 79 with a time step of 0.025 fs is employed. The application of the three-dimensional split operator for the HCl propagation involves a diagonalization of a large matrix with a size equal to the number of rotational basis functions. The propagation is continued until the hydrogen entirely leaves the cluster, i.e., for 100-150 fs after the photoexcitation, depending on the initial rotational state of the HCl molecule.
The description of the cage modes is not extremely demanding on the density of the grid points for the following two reasons: The cage motions are spatially confined and the excitations of individual cage modes are moderate. The number of grid points employed is 256 for all coordinates. The grid sizes are in the interval from 7.5 to 20.0 in mass weighted atomic units. A sufficient number of trajectories which sample the highly delocalized hydrogen wave function is very important for a good description of the influence of the hydrogen motion on the cage dynamics. A calculation using 1000 trajectories is found to be converged for all practical purposes.
IV. RESULTS AND DISCUSSION
A. Initial wave function
Initial rotational wave function of the HCl molecule
The initial rotational functions are calculated in the basis of symmetry adapted functions of the free rotor. An analytical algorithm is used for the construction of the symmetry adapted basis set. 80, 81 Clearly, the first basis function is the isotropic ground state function Jϭ0 of the free rotor. The rotational functions with main rotational numbers from one up to five do not provide any icosahedral totally symmetric linear combination, so the second lowest symmetry adapted linear combination correlates with the main rotational number Jϭ6. Next symmetry adapted linear combinations correlate with main rotational quantum numbers Jϭ10, 12, 16, 18, 20, 22, 24, 26 , and 28. Note, that there is no degeneracy for these rotational numbers, and the first doubly degenerate symmetrically adapted function correlates only with the main rotational number Jϭ30. It is obvious that the use of the icosahedral symmetry significantly reduces the basis set which is computationally extremely important.
The barriers for rotation of HCl inside the icosahedral Ar 12 cluster are equal to 32.6 cm Ϫ1 . On the one hand this is about three times the rotational constant of the free HCl molecule, on the other hand this is more than ten times less than the kinetic energy of the second totally symmetric Jϭ6 function (447.8 cm Ϫ1 ) which is the first one to mix within the totally symmetric irreducible representation. As a consequence of the weakness of this hindrance, the rotational states have at least a 99.9% overlap with the corresponding free rotor states.
The lowest excited hydrogen rotational wave functions in the cluster develop nodal patterns with large spatial differences in the probability density ͑see Fig. 2͒ . At the same time, these rotational wave functions are highly delocalized around the whole sphere. Due to low rotational excitations implying a small number of nodes the structures in the wave functions are of the size of the interatomic distances in the cluster, which is important for an efficient rotational control.
The shape of the rotational wave function can be expected to predetermine to a large extent the dynamics following the HCl photolysis. Note that the anisotropic distribution of the hydrogen atom is preferentially oriented toward the cage atoms in the case of the Jϭ6 state and toward the holes in the cage in the case of the Jϭ10 state ͑see Fig. 2͒ . The probability of the hydrogen to collide with the cage atom is therefore enhanced by the rotational preexcitation to the J ϭ6 state, while being suppressed by the preexcitation to the Jϭ10 state.
Initial wave function of the cage
For the three lowest totally symmetric rotational states of the hydrogen atom the cage geometry is optimized and the normal modes are constructed. Almost no differences between the three geometries are found. The geometry is also compared with the cage without the hydrogen atom which corresponds to the minimal geometry after the hydrogen escaped. From our calculations we conclude that the cage slightly expands ͑by less than 2%͒ due to the presence of the HCl molecule and the hydrogen angular position does not influence the cage size.
The normal vibrational frequencies of the cage are also almost independent of the rotational excitations of the embedded HCl molecule. The cage normal motions are schematically depicted in Fig. 3 . The first three modes (T 1u ) in descending order of normal frequencies are the translational modes of the center of mass of the HCl molecule. The next normal mode (A g ) corresponds to the totally symmetric breathing of the cage. The next quintet (H g ) is the symmetric stretch of the cage. Then, a triplet (T 2u ) of the antisymmetric stretch of the cage follows. Up to this last triplet the perpendicular motion of the cage atoms with respect to the surface of the hydrogenic sphere dominates. The following motions of the cage are tangential to the sphere. The next quadruplet (G u ) is a double shear and the following quintet (H g ) is a single shear. Then, with almost degenerate energies a triplet (T 1u ) and a quadruplet (G g ) follow. The triplet is a double torsion and in the quadruplet the argons compresses at one side of the shell. Finally, the last quintet (H u ) follows, which is a single torsion. 
B. Rotational control of wave packet dynamics
The dynamics of the HCl photodissociation process in the Ar 12 cage and primarily of the hydrogen motion is crucially influenced by the initial hydrogen rotational state. In the following sections we examine the dynamics originating from the first three rotational states of the A g symmetry (J ϭ0, 6, and 10͒.
Dynamics of the hydrogenic radial motion
The photodissociation process is dominated by the large hydrogen excess energy and by cage constraints. Bifurcations of the hydrogen radial wave functions are observed upon collisions with the solvent cage. Direct cage exit, delayed cage exit with one or two collisions with the cage, and a temporary trapping are the four main branches of the process. In terms of schematic trajectories these four processes are illustrated in Fig. 4 . In the case of direct dissociation, the hydrogen atom practically does not interact with the cage. If the hydrogen only grazes a cage atom and continues to dissociate with a slightly changed direction of its velocity we speak about dissociation delayed by one collision. If the hydrogen is reflected by a cage atom back to the cluster and escapes only during the second collision with the cage we speak about dissociation delayed by two collisions. Finally, if the hydrogen loses enough energy in the collision with the cage it can be temporarily trapped in the space between the chlorine and the argon shell. The relative occurrence of these four processes strongly depends on the initial angular positions of the hydrogen atom and, consequently, on the initial rotational state.
Let us now proceed to a more detailed analysis of the hydrogen wave function dynamics. This analysis is based on plots of the time evolution of the radial probability distributions ͚ J,N ͉ J,N (,t)͉ 2 depicted in Fig. 5 . Starting from the ground rotational state ͓see Fig. 5͑a͔͒ dissociation delayed by one collision and direct dissociation are the dominant processes. Still, we can identify a small part of the wave packet which collides twice with the cage, and a minor tail of the temporarily trapped hydrogen. If the photodissociation process starts from the Jϭ6 state where the hydrogen is preferentially directed toward the cage atoms, the two-collision process and direct dissociation dominate ͓see Fig. 5͑b͔͒ . A minor part of the temporarily trapped hydrogen is observed for Jϭ6, too, with a longer lifetime than in the Jϭ0 case. This behavior differs significantly from the previous case of the initial rotational ground state. If the 6Jϭ10 state where the hydrogen prefers positions toward the holes in the argon shell is initially populated, direct dissociation is a strongly dominant process ͓see Fig. 4͑c͔͒ . The two-collision process and temporary trapping are also observed but are relatively insignificant. This is again very different from the two previous cases. In summary, we observe a strong and significant rotational effect. The discrimination between the four photodissociation processes is, however, slightly blurred due to the finite widths of the initial angular distributions ͑see Fig. 2͒ .
Population of the hydrogen inside the cage
The effect of the rotational control can be quantified in several ways. One option is to evaluate the temporary population of the hydrogen inside the cluster, which is in principle directly measurable by a pump-probe experiment. In our calculations it can be obtained as the part of the threedimensional wave function of the hydrogen atom which remains inside the argon cluster. For this we integrate the square of the hydrogen wave function from 0 to 3.75 Å, which is the initial equilibrium distance of cage atoms from the center of the cluster.
The time-dependent hydrogen populations inside the cage for the three initial rotational states are depicted in Fig.  6 . A fast population decay follows after reaching the cage at about 10 fs. First, we discuss the case of the initial ground rotational state. In this case 75% of the hydrogen density escapes during the first collision with the cage. Then, for about 20 fs an exponential decrease follows during which another 15% of the hydrogen density disappears. Around tϭ30 fs a small plateau on the curve appears which marks the second collision with the cage, after which an exponential decay continues. The temporarily trapped hydrogen which remains in the cluster even after the second collision practically entirely leaves the cluster before tϭ80 fs. In the case of the Jϭ6 state only about 30% of the hydrogen density escapes during the first collision with the cage. The following exponential decay decreases the population of the hydrogen inside the cage to 45% still before the second collision. As a result, the population of the hydrogen inside the cage between the first and the second collision is approximately 3.5 times larger than that resulting from the rotational ground state. A second collision with the cage occurs almost at the same time as in the previous case and it is accompanied by a significant step in the curve around 30 fs. After the second collision an exponential decay continues. As in the previous case, only two collisions can be distinguished, the second being much more delocalized in time.
The tail of the temporarily trapped hydrogen vanishes around tϭ110 fs.
In the case of the Jϭ10 state about 90% of the hydrogen density escapes by direct dissociation while only a minor part is reflected by the cage during the first collision. The decay of the population during the first collision is even faster than in the case of the ground initial rotational state. After a nearly flat segment on the curve a new significant decay begins after the second collision. The tail of the temporarily trapped hydrogen vanishes around tϭ70 fs. The population difference between the Jϭ10 and Jϭ6 cases is the largest. The corresponding populations differ by a factor of up to 4.5 after the first collision ͑at tϭ18 fs͒ and by more than a factor of 5 after the second collision ͑tϭ40 fs͒. Rotational preexcitation thus proves to be an efficient way to control temporary hydrogen populations inside the cage during photodissociation.
Kinetic energy distribution of the hydrogen atom
The rotational control mechanism can also be verified by energy domain measurements. Namely, it is the kinetic en- ergy distribution ͑KED͒ spectrum of the hydrogen atom which is directly observable, e.g., via time-of-flight measurements. In our simulation, it is obtained as a Fourier transform of the autocorrelation function of the three-dimensional hydrogen wave function. Note, that this is different from the photon absorption cross section which can be obtained as the Fourier transform of the autocorrelation function of the total time-dependent wave function.
The KED spectra for the three lowest totally symmetric rotational states are compared in Fig. 7 . All three spectra show the same broad envelope which can be rationalized in terms of the reflection principle concerning the initial radial wave function. 82 The main difference between the three curves is in the fine structure corresponding to short-lived vibrational resonances. This structure is most pronounced in the case of the initial Jϭ6 state where the population decay inside the cage is the slowest. Clearly, the longer time the hydrogen atom spends inside the cluster the more pronounced the vibrational peaks are. The vibrational spacing of the fine structure in the KED is approximately 0.2 eV, which corresponds to a vibrational period of 20 fs. This is the time necessary for the reflected fraction of the hydrogen wave function to return to the Franck-Condon region ͑see Fig. 5͒ . We conclude, that control by rotational preexcitation has a qualitative effect on the vibrational structure of the KED spectrum.
V. CONCLUSIONS
In this work we have presented a novel approach to the rotational control of photolysis of small hydrogen-containing molecules embedded in cryogenic rare gas clusters. We have shown for the case of the HCl molecule in the icosahedral first argon solvation shell that photodissociation and caging can be strongly influenced by a rotational preexcitation of the host molecule. In particular, for the three lowest totally symmetric rotational states studied the relative propensities of the four observed dynamical channels-direct cage exit, cage exit delayed by one or two collisions, and temporary trapping, differ significantly. This has immediate consequences for observables both in the time and frequency domains. Namely, the temporary hydrogen populations inside the argon cage differ by up to a factor of 5 and the kinetic energy distributions of the hydrogen atoms show signatures of resonances of different strengths for the three investigated initial HCl rotational states. These vibrational resonances which reflect the partial caging by the argons might, however, be to a certain extent suppressed by higher temperatures and lowered cage symmetry expected under realistic experimental conditions.
From the methodological point of view it is of key importance that the initial state of the system, consisting of a cryogenic cage and a cold and almost freely rotating hydrogen atom, has to be treated quantum mechanically. On the other hand, due to the low energy content of the initial state a large degree of wave function separability can be plausibly assumed. Therefore, the initial wave functions have been constructed as products of cage and H-Cl harmonic ground vibrational functions and two-dimensional symmetry adapted rotational wave functions differing only slightly from the HCl free rotor functions. During the photodissociation process the system acquires a significant amount of kinetic energy and becomes more classical while at the same time more correlated. Two dynamical approaches have been applied, both treating the hydrogen dynamics by a fully quantal three-dimensional simulation accounting for the strong correlation between radial and angular degrees of freedom. Within the first method the cage dynamics has been described using classical mechanics while the second scheme treats it in an approximate quantum mechanical way. Due to a significant separation between hydrogen and cage dynamical time scales the two methods only slightly differ in predictions concerning the ultrafast dynamics of the hydrogen atom. On the other hand, the particular pattern of cage mode excitations by the photodissociating hydrogen is a much more subtle quantity and the two methods show nonnegligible differences. A detailed discussion of this topic is the subject of a forthcoming paper.
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